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Medica
SciencAbstract—This study aimed to identify instant intima-media thickness changes (DIMT) in the common carotid
artery (CCA) during cardiac cycle in order to assess atherosclerosis progression. Using a computerized semi-
automated method, instant IMT changes were extracted in the two walls of the left CCA (240 consecutive
patients) using B-mode ultrasound images. We found that CCA DIMT increased from 8 § 4% of IMTmax in the
controls to 15 § 6% of IMTmax in the severe stenosis group. According to the multiple ordinal regression analy-
sis, DIMT was associated with the severity of carotid artery stenosis (odds ratio [OR], 4.95; p < 0.001), indepen-
dent of sex (OR, 1.11; p = 0.04), age (OR, 1.14; p < 0.001), body mass index; OR, 1.13; p = 0.036), hypertension
(OR, 2.04; p < 0.001), diabetes (OR, 1.38; p = 0.045) and hyperlipidemia (OR, 1.54; p = 0.002). We concluded that
increment of CCA DIMT during the cardiac cycle was strongly and independently associated with severity of
carotid artery stenosis or atherosclerosis progression. (E-mail: hmoladoust@gums.ac.ir) © 2019 World
Federation for Ultrasound in Medicine & Biology. All rights reserved.
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Thickness of the arterial wall has been suggested as one
of the most important indicators of atherosclerosis. Ath-
erosclerosis is the earliest occurrence in the development
of a cardiovascular disease (CVD) (P€alve et al. 2014).
Elevated levels of atherosclerosis and cardiovascular
risk factors are consistently and positively associated
with progression of common carotid artery (CCA)
intima-media thickness (IMT) over time (Heiss et al.
1991; Wendelhag et al. 1992; Grobbee and Bots 1994).
Increment of IMT on the CCA may be worth as an indi-
cator of generalized atherosclerosis and cardiovascular
evidence (Bots et al. 1993b). This increment is caused
by inflammatory and fibroproliferative responses to mul-
tiple types of damage. It implicates lipid aggregation and
migration, besides proliferation of a multitude of cells in
subintimal and medial layers (Niu et al. 2014).
B-mode carotid ultrasonography is recognized as a
simple quantitative technique, which can depict different
changes in the carotid artery, including wall stiffnessddress correspondence to: Hassan Moladoust, Department of
l Physics, School of Medicine, Guilan University of Medical
es, Rasht, Iran. E-mail: hmoladoust@gums.ac.ir
2950and endothelial dysfunction (Selzer et al. 2001). In addi-
tion, it is a non-invasive important clinical tool for
assessing early carotid atherosclerosis (Handa et al.
1990; Coll and Feinstein 2008; Zhang et al. 2017). Mea-
surement of carotid artery IMT with considerable preci-
sion has been a main part of several epidemiologic
studies (Heiss et al. 1991; Hofman et al. 1991; Salonen
and Salonen 1991).
Throughout the cardiac cycle, carotid walls B-mode
images are acquired in a dynamic manner, considering
the expansion and contraction of the artery with each
cardiac pulsation and relaxation, respectively (Selzer
et al. 2001; Coll and Feinstein 2008; Zhang et al. 2017).
Manual tracing is mostly used in this technique to evalu-
ate arterial properties (Bots et al. 1993a; Baldassarre
et al. 1994). However, this process is both time consum-
ing and unreliable, because it is dependent on the subjec-
tive assessment of the operator. Moreover, the described
method is not suitable when great stability is required,
(e.g., analysis of an expensive database of B-mode ultra-
sound images from the carotid artery [Molinari et al.
2012]). To avoid these problems, an automated algo-
rithm has been proposed for the measurement of arterial
properties to reduce the duration of image processing
Evaluation of atherosclerosis severity based on carotid artery IMT changes M. RAFATI et al. 2951and to improve reproducibility of the results (Touboul
et al. 1992; Baldassarre et al. 1994; Molinari et al.
2012). Besides, in clinical practice, essential temporal
changes in IMT are not frequently evaluated during car-
diac cycle (Polak et al. 2010).
To address the shortcomings in the evaluation of
IMT changes (DIMT) for the assessment of athero-
sclerosis progression, we used our semi-automated
method to measure IMT during the cardiac cycle in
the CCA.METHODS
Study population
In this prospective study, 240 consecutive asymp-
tomatic patients were examined. Patients in the age range
of 4060 y, who were referred to the cardiovascular
department from April 2016 to March 2018, were
recruited. We divided the participants into four study
groups: control without a history of CVD and/or cerebro-
vascular diseases (n = 60), mild carotid stenosis (<50%;
n = 62), moderate carotid stenosis (50%69%; n = 58)
and severe carotid stenosis (70%; n = 60) (Leclerc et al.
1999; Laurent et al. 2006). We also evaluated all partici-
pants with carotid stenosis to consider the stenosis sites
and divided them into three groups according to CCA,
carotid bulbous and internal carotid artery (ICA) stenosis.
Carotid stenosis was evaluated using angiography and
Doppler imaging. The extent of stenosis was examined
via angiography (Siemense AG, Wittelsbacher, Muen-
chen, Germany) by comparing the diameter of residual
lumen at its narrowest point with that of distal ICA at a
disease-free level with normal wall thickness (without cal-
cification). No analyses were performed when ICA
appeared to be normal (Leclerc et al. 1999). Group classi-
fications based on Doppler images are summarized in
Table 1 (Leclerc et al. 1999; Laurent et al. 2006).
Our institutional review board and the ethics com-
mittee of Kashan University of Medical Sciences
approved the research protocol. Written informed con-
sents were collected before the study according to the
Declaration of Helsinki.Table 1. Classification principles of gro
Indices PSV in ICA (cm/s) EDV in ICA (cm/s)
Groups
Control <125 <40
Mild <125 <40
Moderate 125230 40100
Severe >230 >100
PSV = peak systolic velocity; ICA = internal carotid artery; EDV = end diastTraditional risk factors and blood components
Diagnosis of hypertension was confirmed if prescrip-
tion of antihypertensive medications, diastolic blood pres-
sure (DBP) 90 mm Hg and/or systolic blood pressure
(SBP) 140 mm Hg was documented on two separate
measurements. Patients who reported regular smoking in
the past 6 mo were defined as current smokers.
Blood was collected from the participants after
overnight fasting. The levels of triglyceride, fasting
blood sugar (FBS), high-density lipoprotein (HDL) cho-
lesterol and total cholesterol were measured, using stan-
dard methods at our hospital medical laboratory.
Diabetes was diagnosed, based on FBS 126 mg/dL or
hemoglobin A1c 6.5%. On the other hand, diagnosis of
dyslipidemia was confirmed if the participant met the
following criteria: (i) consumption of lipid-lowering
drugs; (ii) total cholesterol 200 mg/dL; (iii) triglycer-
ide 150 mg/dL or (iv) HDL cholesterol 50 mg/dL.Ultrasonography and offline analyses
For at least 10 min, the patients remained in the
supine position until their blood pressure and heart rate
became steady before ultrasonography. An oscilloscopic
manometer (ALPK2, Adult Cuff, Tokyo, Japan) was used
to measure SBP and DBP in the left brachial artery. Meas-
urements were performed under controlled room tempera-
ture according to available guidelines (Touboul et al.
2007). A trained sonography expert examined the left
CCA using a Sonoline Antares ultrasound system
equipped with a 513 MHz phased-array transducer (Sie-
mens, HenkestraBe, Erlangen, Mittelfranken, Bayern,
Germany). The gray level, dynamic range and depth of
focus were respectively 0255, 55 dB and 3.5 cm.
As electrocardiogram (ECG) yields a higher tempo-
ral resolution compared with ultrasound B-mode imag-
ing. ECG (derived from the output signal of the patient
monitor) and IMT measurements were synchronized
while evaluating CCA throughout the cardiac cycles
to provide a more accurate assessment of IMT changes
during the compression and decompression. For post-
processing, consecutive longitudinal plan CCA images
(frame rate, 30 frames per second) for three cardiacups based on Doppler ultrasound
ICA/CCA PSV Finding of sonography
<2 No plaque or intimal thickening is visible.
<2 Plaque or intimal thickening is visible.
24 Plaque is visible.
>4 Plaque or luminal narrowing is seen.
olic velocity; CCA = common carotid artery.
Fig. 1. Ultrasound B-mode imaging and near and far walls
IMT of the left CCA. IMT = intima-media thickness;
CCA = common carotid artery.
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mat). MATLAB software version R2009 a (The Math-
Works, Natick, MA, USA) was also used to design a
computerized program for extracting consecutive BMP-
format images from the ultrasound films (at a resolution
of 547£ 692 pixels and a pixel size equal to 0.06 mm).
For offline analyses, we used the proposed algo-
rithm to identify maximum IMT (IMTmax), minimum
IMT (IMTmin) and DIMT (IMTmax minus IMTmin) of
CCA at 23 cm proximal to the bifurcation over a length
of 10 mm segment (167 pixels), based on the sequen-
tial ultrasound images of three cardiac cycles. IMT
parameters were determined as the average value for
near and far walls of the left CCA. Dynamic program-
ming (DP) and maximum gradient (MG) algorithms
were combined in our method. In addition, an improved
speckle-reducing anisotropic diffusion (SARD) filter
was incorporated with canny edge detection for detail
preservation and speckle noise reduction in CCA. The
first algorithm is used in tracing the edge to optimize
assessment function. The latter explores along a route
upright to the edge and identifies the pixel with MG
magnitude. The cost function of DP was determined as
follows:
U w; vð Þ ¼ CGUG w; vð Þ þ CDisUDis w; vð Þ þ CDUD w; vð Þ; ð1Þ
where U(w, v) implies the cost from pixel w to the adja-
cent pixel v; CG, CDis and CD indicate the weighted ele-
ments, respectively. Also, the gradient orientation UD
denotes smoothness constraint in the edge orientation,
and interval characteristic UDis is related to the interval
between the current point w and the following reference
point.
The gradient magnitude characteristic UG is illus-
trated as follows:
UG ¼ 1ðjrU x; yð Þj=max jrU x; yð Þjð Þ ð2Þ
jrU x; yð Þj ¼ x ð@xUðx; yÞ2 þ ð@yUðx; yÞ2; ð3Þ
where |rU(x, y)| indicates the image gradient amplitude,
and @xU(x, y) and @yU(x, y) are the image gradients in x
and y orientations, respectively.
In addition, the cost function of the second algo-
rithm is as follows:
Ucost ¼ U:rU; ð4Þ
where U and rU denote the intensity of the original
image and gradient of the image, respectively. In the
present study, the developed method involved ultrasound
images of the carotid artery, because it had rendered
optimal results in our previous studies (Rafati et al.
2015a; Rafati et al. 2015b). The reference points and
cost function were in accordance with DP and MGalgorithms, respectively. In the first sequence image, the
reference points were manually placed in the middle, top
(the lumen-intima interface) and bottom (media-adventi-
tia interface) of near and far walls of CCA (Fig. 1); the
estimated boundaries were formed across a segment of
standardized length (10 mm segment) in a way that the
pixel gradient was maximized. During three cardiac
cycles, a sequence of IMTs was generated by applying
our suggested algorithm to all the remaining frames
(Fig. 2ad). To determine the IMTmax, IMTmin and
DIMT of CCA, average of three cardiac cycles was
determined.Statistical analysis
For data analysis, SPSS v. 20.0 (IBM, Armonk, NY,
USA) was used. Chi-square test was performed to deter-
mine differences in the distribution of categorical varia-
bles. In addition, Kolmogorov-Smirnov test was used to
evaluate continuous variables in terms of homogeneity
of variance and normal distribution. All continuous vari-
ables are presented as mean § standard deviation (SD).
To determine significant differences between IMTmax
and IMTmin in the groups, paired t-test was applied.
Next, any significant differences in IMTmax or IMTmin
were examined among women and men, using indepen-
dent t-test. Significant differences in IMTmax and IMTmin
between the groups were determined based on analysis
of variance and Tukey’s post hoc tests. p < 0.05 was
considered significant.
Inter-observer (between two independent observers)
and intra-observer (by the same observer at different
times) variabilities of the acquisition as well of the CCA
IMT analysis by the computer software were evaluated
with coefficient of variation percentage and intra-class
correlation coefficient (ICC) in 40 randomly selected
patients (10 patients for each study group) by two inde-
pendent observers.
Pearson’s correlation coefficient test was used to
assess the association of DIMT with IMTmin and IMTmax
Fig. 2. Temporal variation of the CCA IMT during three cardiac cycles for a healthy volunteer (a) and patients with mild
(b), moderate (c) and severe (d) carotid stenosis. The IMTmax and IMTmin are indicated by the horizontal dashed lines
and DIMT indicated by vertical lines. CCA = common carotid artery; IMT = intima-media thickness; IMTmax = maxi-
mum intima-media thickness; IMTmin = minimum intima-media thickness; DIMT = intima-media thickness change;
ECG = echocardiography.
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association of dependent variables (control and carotid
artery atherosclerosis severity with mild, moderate and
severe stenosis groups) and IMT parameters (IMTmax,
IMTmin or DIMT) as independent variables, univariate
and multiple ordinal regression analyses adjusted to pre-
selected variables, including sex, age, diabetes, hyper-
tension status, body mass index (BMI), smoking status
and dyslipidemia, as potential confounders were per-
formed.RESULTS
Table 2 presents the main demographic characteris-
tics of the groups. The groups were found to be signifi-
cantly different with respect to sex, age, smoking status,
BMI, SBP, hypertension, diabetes, smoking and hyper-
lipidemia. Because of poor tracking quality of the CCA,
four patients’ images were excluded from analysis
because of the intima had utterly disappeared (good
quality ultrasonographic B-mode image could not be
Table 2. Main demographic characteristics, hemodynamic and blood components of the study groups
Parameters (mean § SD) or n (%) Control (n = 60) Mild (n = 62) Moderate (n = 58) Severe (n = 60) p value
Age (y) 51.2 § 4.3 51.9 § 5.1 54.3 § 3.9 58.6 § 4.2 0.037
Sex, men (n, %) 35 (58.3) 33 (53.2) 27 (46.5) 21 (35.0) 0.030
BMI (kg/m2) 22.1 § 2.6 23.5 § 3.2 25.2 § 3.7 26.6 § 3.1 0.001
Ps (mm Hg) 121.6 § 7.6 130.1 § 13.6 132.4 § 9.6 134.1 § 10.9 0.025
Pd (mm Hg) 79.4 § 6.7 80.4 § 6.5 80.7 § 6.6 81.9 § 8.5 0.262
HR (bpm) 73.9 § 8.1 72.6 § 9.8 74.1 § 4.5 75.7 § 6.7 0.188
Hypertension, n (%) 5 (8.3) 8 (12.9) 16 (27.6) 25 (41.7) 0.001
Smoking, n (%) 13 (21.7) 19 (30.6) 26 (44.8) 24 (40.0) 0.039
Diabetes, n (%) 7 (11.7) 10 (16.1) 15 (25.9) 19 (31.7) 0.038
Hyperlipidemia, n (%) 10 (16.7) 11 (17.7) 22 (37.9) 28 (46.7) 0.001
SD = standard deviation; BMI = body mass index; Ps = systolic pressure; Pd = diastolic pressure; HR = heart rate.
Table 3. Mean § SD IMTmax, IMTmin and DIMT during three
cycles in men and women groups in terms of control, mild,
moderate and severe stenosis
Study groups IIMTmin (mm) IMTmax (mm) DIMT (mm)
Control Men 0.54 § 0.09 0.61 § 0.11 0.072 § 0.015
Women 0.51 § 0.09 0.59 § 0.11 0.082 § 0.018
Mild Men 0.79 § 0.09 0.90 § 0.07 0.115 § 0.015
Women 0.75 § 0.10 0.87 § 0.09 0.122 § 0.017
Moderate Men 0.93 § 0.10 1.06 § 0.08 0.127 § 0.013
Women 0.90 § 0.09 1.03 § 0.07 0.129 § 0.015
Severe Men 1.03 § 0.12 1.16 § 0.09 0.131 § 0.016
Women 1.01 § 0.11 1.14 § 0.08 0.134 § 0.018
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layers of the CCA near and far walls.
Among 240 films with correct tracing (all partici-
pants), IMTmin, IMTmax and DIMT of CCA (Fig. 3)
increased from 0.53 § 0.07, 0.60 § 0.08 and 0.078 §
0.011 mm, respectively, in the controls to 1.02 § 0.09,
1.15 § 0.05 and 0.132 § 0.012 mm, respectively, in the
severe stenosis group. Mean § SD of the CCA IMTmin,
IMTmax and DIMT values in the four study groups (con-
trol, mild, moderate and severe stenosis groups) in the
men and women are shown in the Table 3. IMTmax,
IMTmin and DIMT of CCA increased in the control
group to respectively in the mild, moderate and severe
stenosis groups (p < 0.001).
There was a significant difference between IMTmin
and IMTmax among men and women in each group (p <
0.05). However, men and women from different groups
were not significantly different regarding IMTmin or
IMTmax (p > 0.05). On the other hand, the four groups
were significantly different in terms of IMTmin and
IMTmax among men and women (p < 0.05). Therefore,
IMTmin and IMTmax of CCA showed a significant increase
with the development of atherosclerosis (p< 0.05).
In this study, 180 participants had carotid stenosis
(CCA, n = 8; carotid bulbus, n = 51 and ICA, n = 121
patients). IMTmin, IMTmax and DIMT of CCA valuesFig. 3. DIMT of the left CCA in the study groups.
DIMT = intima-media thickness change; CCA = common
carotid artery.(mean § SD) in the study groups (mild, moderate and
severe stenosis) are shown in the Table 4. There were
not significantly different in terms of IMTmin, IMTmax
and DIMT, and these variables were not associated with
the carotid artery stenosis site as independent variable.
The intra-observer coefficient of variation (CV) of
CCA IMTmin, IMTmax and DIMT for repeated scanning
and analysis by the computer software were 4.03%,
2.83% and 3.21%, respectively. The inter-observer CV
of CCA IMTmin, IMTmax and DIMT were 7.87%, 5.49%
and 6.76%, respectively. The intra-observer CV of CCA
IMTmin, IMTmax and DIMT for twice analysis by the
computer software (on the same scans) were 0.72%,
0.67% and 0.75%, respectively. The intra-observer andp value <0.001 <0.001 <0.001
IMTmax = maximum intima-media thickness; IMTmin = minimum
intima-media thickness; DIMT = intima-media thickness change.
Table 4. Comparison of IMTmin, IMTmax and DIMT means
according to stenosis at different sites in the carotid artery
Variables Stenosis site p value
CCA Carotid bulbus ICA
IMTmin 0.96 § 0.08 0.94 § 0.13 0.93 § 0.11 0.779
IMTmax 1.08 § 0.09 1.08 § 0.14 1.06 § 0.11 0.656
DIMT 0.124 § 0.012 0.116 § 0.022 0.117 § 0.028 0.676
IMTmin = minimum intima-media thickness; IMTmax = maximum
intima-media thickness; DIMT = intima-media thickness change;
CCA = common carotid artery; ICA= internal carotid artery.
Evaluation of atherosclerosis severity based on carotid artery IMT changes M. RAFATI et al. 2955inter-observer ICCs of CCA DIMT were 0.97 and 0.94,
respectively.
DIMT showed significant correlations with IMTmin
(r, 0.79; p < 0.001) and IMTmax (r, 0.80; p < 0.001). In
the univariate ordinal regression model, the severity of
carotid artery stenosis was associated with sex (odds
ratio [OR], 1.62; p = 0.03), age (OR, 1.17; p = 0.011),
BMI (OR, 1.16; p = 0.006), hypertension (OR, 2.45;
p = 0.001), smoking (OR, 1.70; p = 0.030), diabetes (OR,
2.17; p = 0.008), hyperlipidemia (OR, 2.36; p = 0.001),
IMTmin (OR, 1.86; p = 0.001), IMTmax (OR, 1.73;
p = 0.001) and DIMT (OR, 3.96; p = 0.001).
In the multiple ordinal regression analysis,
increases in CCA IMTmin, IMTmax or DIMT were
strongly associated with severity of carotid artery steno-
sis (DIMT OR, 4.95, p < 0.001; IMTmin OR, 2.89,
p = 0.017; IMTmax OR, 2.75, p = 0.028), independent of
sex (OR, 1.11; p = 0.04), age (OR, 1.14; p < 0.001),
BMI (OR, 1.13; p = 0.036), hypertension (OR, 2.04;
p < 0.001), diabetes (OR, 1.38; p = 0.045) and hyperlip-
idemia (OR, 1.54; p = 0.002).DISCUSSION
Before the presentation of clinical symptoms of
CVD, hemodynamic characteristics of the carotid artery
wall may change. Therefore, non-invasive assessment of
arterial wall features may be essential in people at risk of
CVD. This assessment can help develop more efficient
strategies for reducing the prevalence of CVDs and
stroke (Selzer et al. 2001).
Among different imaging techniques, B-mode ultra-
sound is conditional on the observation that carotid IMT
confers an increased risk of CVD, stroke and peripheral
diseases. Doppler techniques cannot be used for the eval-
uation of intima-media movements in the radial dimen-
sion because of their angle dependence. Vascular
angiography, computed tomography and magnetic reso-
nance imaging can visualize the carotid artery, but they
are not proper for extensive screening studies (Koru-
konda and Doyley 2012). Therefore, we decided to esti-
mate IMT with ultrasound gray-scale imaging as a
proper image processing method.
For IMT measurements, use of automated and semi-
automated algorithms has various advantages. These
algorithms are proper for extensive multicenter database
studies, facilitate the design of original equipment manu-
facturer comparisons and show better reproducibility by
preventing subjectivity (Touboul et al. 1992; Polak et al.
2010). When the manual methods are employed, the
intra-observer and inter-observer variation in repeated
measurements are higher than the automated methods,
the skill of the interpreter and perception of the echointerface by the human eye are proposed as the main rea-
sons (Sec¸il et al. 2005).
A number of computerized methods have been pre-
sented for measuring IMT in CCA. They involve model-
based methods, Hough transform and dual snake model,
Nakagami distribution, Bayesian model, multiresolution
edge snapper, active contour models and first-order abso-
lute-moment border methods. These methods have some
drawbacks, such as decreased performance for irregular
edges in the occurrence of plaques, high dependence on
initial segmentation and region of interest and high
computational time and expenditure (Naik et al. 2013;
Li et al. 2014). The current method was based on com-
bined DP and MG algorithms, accompanied by an
improved SARD filter with canny edge tracing for
speckle-noise suppression and detail preservation in the
CCA. DP has a greater accuracy, whereas MG has a
lower complexity in computation; therefore, we com-
bined these algorithms for evaluating IMT in CCA
(Rafati et al. 2015a; Rafati et al. 2015b). Generally, IMT
measurements of the carotid bifurcation (CB) and ICA
are more difficult to obtain (Ribbers et al. 2007; O’Leary
and Bots 2010). Chambles et al. (1996) showed that miss-
ing data of IMT measurements at CB and ICA were ran-
dom and unrelated to the determinants of increased
carotid IMT; accordingly, we measured IMT in CCA. In
a study by Schmidt where carotid and femoral IMT val-
ues were evaluated in ultrasound measurements, the error
was reported as 0.03 mm if a single measurement was
employed; however, if means of 10-point pair measure-
ments were used, the error was computed as 0.009 mm
(Schmidt and Wendelhag 1999). For the reason that, gen-
erally accepted the IMT measurement in automated and
semi-automated methods is to obtain a mean value from
a 10 mm segment (Sec¸il et al. 2005; Wikstrand 2007). As
well, in our study the semi-automated measurements
were done by calculating the mean values over a length
of 10 mm segment. Pixel size was 0.06 mm and by con-
sidering the measurements in three cardiac cycles, mea-
suring error would become less than 0.006 mm.
Hernandez et al. showed a significant difference in
IMT between the left and right sides of CCA in untreated
hypertensive patients. They observed that IMT was
higher in the left CCA, compared to the right CCA. The
potential effect of CVD on the left side of CCA may be
attributed to the greater intimal hyperplasia or more
extensive medial hypertrophy, which can present as a
subsequent increase in hemodynamic stress at the side
(Hernandez et al. 2003; Molinari et al. 2010).
Another study confirmed a significantly higher left
IMT, which resulted in differences in blood pressure,
vascular anatomy and shear stress between the two sides
(Hernandez et al. 2003). Accordingly, we assessed IMT
of the left CCA in 240 male and female patients in four
2956 Ultrasound in Medicine & Biology Volume 45, Number 11, 2019groups. To the best of our knowledge, changes in IMT
occur in the cardiac cycle (Kanai and Koiwa 2000;
Mokhtari-Dizaji et al. 2006; Menees et al. 2010). Selzer
et al. (2001) reported a greater IMT at the end of diastole
in the far CCA wall, compared to the peak of systole.
Another study reported a 5.3% reduction in the carotid
IMT via high-resolution M-mode imaging (Devereux et
al. 1992). In addition, Polak et al. (2012a) showed that
the average IMT change in CCA was 0.04 mm. Our find-
ings are in agreement with these studies.
We noted a significant difference between IMTmin
and IMTmax in each group for men and women (p <
0.05), which may be a result of mass conservation and
deficient longitudinal stretching. In longitudinal stretch-
ing, wall thickness and IMT reduce as the diameter
extends during the systolic phase (Boutouyrie et al.
2001; Das et al. 2015). Our study showed smaller IMT
changes in men throughout the cardiac cycle, compared
to women (p < 0.05), which is in consistence with the
literature (Das et al. 2015). On the other hand, men and
women were not significantly different with respect to
IMTmin or IMTmax in different groups. Based on the find-
ings, IMTmin and IMTmax increased in patients with
severe stenosis compared to the controls, which is in
accordance with previous studies (Boutouyrie et al.
2001; Polak et al. 2012a; Das et al. 2015).
Our study also revealed that DIMT increased progres-
sively in the groups, with the lowest value reported in the
controls and the highest reported in the severe stenosis
group. This finding may be attributed to the exchange of
fluid between blood and arterial wall layers, which is asso-
ciated with structural and mechanical alterations in the
carotid arterial wall in the early phase of pathology
(Meinders et al. 2003; Zahnd et al. 2014). This finding
emphasizes the compression-decompression type of the
intima-media layer during the cardiac cycle in the carotid
artery. Besides, it may be related to pulse pressure changes
and low-density lipoprotein (Meinders et al. 2003).
In accordance with the literature, we found that
IMTmin, IMTmax and DIMT were significantly higher in
the development and extent of atherosclerosis (Polak
et al. 2012b; Zahnd et al. 2014; Zahnd et al. 2017). Further-
more, the ordinal regression analysis in our study revealed
the increment of CCA DIMT independently associated
with severity of carotid artery stenosis in clinical practice.
We planned for longitudinal measurements and following
up the patients prospectively in the future study to evaluate
and validate the predicting role of CCA DIMT.
In general, the intima-media complex during ath-
erosclerosis development may be involved in the migra-
tion/proliferation of vascular smooth muscle cells and
subendothelial collagen in the intima layer. Also,
increased proteoglycan function, reduced excretion of
endothelial nitric oxide and enhanced endothelinfunction increase inflammatory markers and decrease
superoxide dismutase activity. All these factors influence
the intima-media layer during the atherosclerosis process
(Wagenseil and Mecham 2012; Chow et al. 2013).Limitations
Non-suppression of artery pulsation and translation
movements in CCA during probe scanning is a limitation of
this study; however, we tried to decrease these movements.CONCLUSIONS
We concluded that increment of CCA DIMT during
the cardiac cycle was strongly and independently associ-
ated with severity of carotid artery stenosis or atheroscle-
rosis progression. CCA DIMT was superior to other
criteria (CCA IMTmin and IMTmax) for the diagnosis of
carotid stenosis, which may be associated with patho-
physiological agents. The present study provided com-
prehensive information for physicians to measure CCA
DIMT in ultrasound imaging and this can affect the inter-
pretation of carotid IMT measurements used for cardio-
vascular risk stratification.
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